One of the aspects highlighted in the Framework for Action and other key documents produced by the Groundwater Governance Project (funded by GEF and implemented by UNESCO, FAO, World Bank and IAH) is the interdependence between groundwater and human activities related to other physical components of the real world. Consequently, it is important in groundwater governance to make essential linkages with other components of the water cycle (IWRM), with sanitation and wastewater management, with land use and land use practices, with energy and with the uses of subsurface space and other subsurface resources. This paper presents an overall description of the multiple uses of the subsurface space and of the exploitation and management of subsurface resources. It attempts to give an impression of intensities and trends in use and exploitation, of the possible interactions and of current and potential efforts to control negative impacts of such interactions. It concludes by briefly summarizing in three simple steps how to improve groundwater governance by making appropriate linkages with uses of the subsurface space and subsurface resources.
Introduction
Groundwater governance is a complex concept that can be viewed from different angles. Hence, several definitions have been proposed, each with its own merits. We present here a definition adopted during the final stage of the Groundwater Governance Project, funded by GEF and implemented by UNESCO, FAO, World Bank and IAH: "Groundwater governance comprises the promotion of responsible collective action to ensure socially-sustainable utilisation, control and protection of groundwater resources for the benefit of humankind and dependent ecosystems" [1] This definition refers implicitly to the main components of groundwater governance: (1) actors; (2) information on the groundwater resources and their beneficial use; (3) a vision on goals to be pursued regarding groundwater and on how to achieve them (policy and planning); and (4) tools for regulation, control and protection (laws, regulations, incentives, etc.).
"Collective action" implies the existence of several actors that have to cooperate unisono in order to achieve the goals set. In relation to groundwater there is a large diversity of actors (governmental organizations, non-governmental organizations, research institutes, the private sector, individual citizens) who may act at different levels (ranging from local to national, and in some cases even supra-national levels). Many of these actors focus explicitly on groundwater, in their endeavors for using, draining, augmenting or protecting it, while the activities of many others address something else, but, at the same time, cause unintended impacts on groundwater ('side effects'). It goes without saying that information on and knowledge of the local groundwater systems and their state and context is indispensable for making informed decisions on groundwater. In many cases, however, there is much to be desired in this respect, with the result of considerable uncertainty: on current conditions and even more on how the future will look, either with or without the implementation of measures for control and protection. However, inadequate information is not the only reason for poor groundwater policies, planning and management. A myopic view may be another reason. Groundwater is not an isolated part of the world, but it is interacting with its surroundings, e.g., with surface water, with sanitation and with waste and wastewater management, with land use and land use practices, with energy and with the use of subsurface space and subsurface resources. Good governance requires that essential linkages are made, tailor-made to each particular case.
This paper focuses on only one of the mentioned categories of interactions: that between groundwater and the uses of the subsurface space and other subsurface resources. These uses will be briefly reviewed, while paying attention to their possible interaction with groundwater and to current and potential efforts to control negative impacts of such interactions. This may contribute to enhanced awareness of these interactions and to being alert to taking them duly into account in policies, planning and operational groundwater management. This is followed by a few suggestions on how to make these linkages in practice. The paper relies to a large extent on the outcomes of the Groundwater Governance Project, in particular on Thematic Paper No. 10 [2].
Panorama of the Multiple Uses of the Subsurface Space and Subsurface Resources
The most common human activities that take place in the subsurface are listed in Table 1 . They fall into two main categories: (a) extraction of natural resources (water, energy, minerals, building materials, etc.) and (b) use of the underground space (for construction, transport and temporal or permanent storage of substances). Shallow groundwater abstraction and some forms of mining have been practiced already from time immemorial. Many other activities started only in more recent times. In general, one may say that human activities are nowadays encroaching rapidly into the subsurface, especially in densely populated areas, where the demand for natural resources is high and space is becoming scarce. These are the areas where conflicts between the different uses of the subsurface space and of its resources are most likely to occur. In particular in urban areas of industrialized countries where space is scarce Note: * Enthalpy, which can be considered more or less proportional to temperature, is used to express the heat (thermal energy) content of the fluids that act as the carrier transporting heat from the deep hot rocks to the surface. According to the enthalpy criterion, geothermal resources can be divided into low-, medium-and high-enthalpy (or -temperature) resources, which gives a general indication of their potential forms of utilization. The classification is, in practice, mostly based on temperature, but standardization of the temperature limits to be applied has not yet been agreed upon in the scientific community, thus leaving some room for confusion and ambiguity. Upper temperature limits for low-enthalpy resources, as proposed by selected authors, vary between 90˝C and 200˝C, while lower temperature limits for high-enthalpy resources are in the range of 150˝C to 250˝C [3] .
Groundwater Development and Management
Groundwater withdrawal is by far the most widespread and most common human activity in relation to the subsurface. The volumes of groundwater abstracted annually on Earth-during 2010, some 982 km 3 [4] -very significantly exceed the volumes of any other substance extracted from the subsurface. In contrast to most other subsurface activities that require highly specialized technical expertise, groundwater abstraction is extremely decentralized, since the resource and conventional withdrawal technology are within relatively easy reach of anyone who owns a piece of land. Groundwater therefore is sometimes called a social or democratic resource, but the drawback is competition and interference between uncoordinated groundwater pumpers. Scarcity of groundwater is pushing the groundwater frontier to greater depths, which requires more technological expertise and larger investments. At greater depths (beyond 600 m), significant reservoirs filled with fresh groundwater (so called "deep-seated aquifers") have been identified in several regions, but often these are relatively isolated from the currently active hydrological cycle and thus are not or only poorly recharged. This makes such aquifers more suitable as a strategic resource for emergency supplies than for regular use. An additional problem related to deep-seated aquifers is that in many countries, their depth has the implication that mining law is applicable, not water law; this may also have consequences for institutional jurisdictions and mandates.
The ubiquitous presence of groundwater causes it to be exposed and vulnerable to almost any human subsurface activity, often with negative impacts. Given the undisputed huge importance of groundwater for domestic, environmental and economic purposes, due attention should be paid to these interactions in order to prevent or minimize negative impacts.
Groundwater, in turn, can also have negative impacts on the human living environment and on human activities above or below the ground surface. The most common corrective intervention in this context is artificial drainage of excess groundwater, which has a long tradition in several countries. The reverse action-artificial replenishment of groundwater in order to enhance water availability during dry periods-is nowadays known under the term Managed Aquifer Recharge (MAR). Its worldwide implementation is still modest, but growing rapidly to enhance and secure vulnerable supplies through water banking.
Mining
The extraction of building materials from the subsurface and the mining of coal and of metallic and non-metallic minerals have a millennia-long history, or even date back to pre-historic times. Thousands of years ago, shafts were already constructed to reach depths of several tens of meters below the surface. The mining industry expanded particularly during the 18th and 20th centuries, and its production is still increasing. In 2013, the world's annual mining production, excluding building materials, reached approximately 9.95 billion metric tons: 1.65 for metals, 0.78 for industrial minerals and 7.52 for mineral fuels (without oil and gas) [5] . Mining generates enormous economic benefits around the world, but it also produces considerable risk to groundwater and the environment. First, because most mining operations, both underground and open-pit or surface mining, require drainage. This modifies the groundwater regime locally or sometimes even regionally, such as in the Ruhr area in Nordrhein-Westfalen (Germany) where approximately 1.2 billion cubic meters of groundwater annually is drained in order to enable open-pit mining of lignite [6] . Furthermore, mining often produces significant environmental pollution, leading to degraded groundwater and surface-water quality. These negative impacts of mining do not stop immediately when the mining operations are discontinued, but may still continue for a long time afterwards. An example is the Cornish Wheal Jane Mine in southwest England where tin was extracted from the mid-18th century until 1992. Following abandonment, the mine flooded and acid drainage water escaped into the surface drainage. The subsequent remedial works were demanded under environmental legislation at a cost of over 300 million USD [2] . Countries with weak legislation and poor enforcement capabilities related to mining are likely to be faced with a growing legacy of resource and environmental problems.
Geo-Energy Development Based on Fluids as a Carrier of Energy
The oil and gas sector ranks under the world's largest industries. In 2014, the world production of oil was 1659 billion barrels and that of natural gas was 201,771 billion cubic meters [7] . Oil and gas wells started to be drilled systematically during the 19th century, and currently they form the second-widest intrusion into deep underground space, after water wells. In spite of advanced technology and strict environmental regulations, all phases of hydrocarbon exploration, production and abandonment can pose a risk to groundwater resources, because of accidents that are usually the result of human errors. During drilling, loss of control over high-pressure zones can lead to a severe pressure kick or full-scale well blow-out; depending on the drilling phase, shutting in a high-pressure kick can force the reservoir fluids and gases into overlying permeable geological horizons, including aquifers. Furthermore, any deficits on the well construction related to the integrity of the casing and/or grouting can lead to problems during the operation of production-phase oil and gas wells. Holes in the casing or leakages between the casing and the well wall can allow formation fluids to migrate into overlying aquifer formations. The disposal of oil field brines by injection wells can be another source of pollution if leaks occur.
Geothermal energy development generally is based on groundwater as a carrier of heat. On average, the temperature of groundwater increases by 30˝C per km of depth, but this temperature gradient is steeper in zones of thermal anomalies, thus causing groundwater of 400˝C or more to be found at economically viable depths. Global use of geothermal energy is annually growing at a rate of 14%, but it still remains an underdeveloped energy resource, compared to the vast amount of thermal energy stored within the Earth's crust. Access to this huge, low-cost, clean energy resource which could be considered infinite on a human time scale, is possible, but requires a number of technical and financial constraints to be overcome. The potential effects of geothermal energy development on groundwater vary according to the applied technology. Table 2 provides an impression, with differentiation between low-enthalpy and high-enthalpy geothermal resources. 
Disposal and Storage of Hazardous Waste
Apart from unintentional encroachment of solid and liquid waste into the subsurface, e.g., by leaking sewerage systems and septic tanks, or as a side effect of drilling, mining and tunneling, the subsurface is progressively being used intentionally for storing hazardous solid or liquid waste. Deep-well injection is a commonly used technique for the disposal of liquid waste or solid waste that can be reworked to a slurry. To apply this technique successfully, a permeable formation with good storage capacity is needed to receive the liquid waste, covered by an effectively impermeable rock unit to ensure that the stored waste remains permanently isolated from upper layers and the biosphere. It is clear that the risks of this technique include leakage towards other compartments of the underground and the permanent disqualification of the storage reservoir for other purposes. Typical waste products disposed by deep-well injection include waste produced in the oil and gas industry (oil field brines, cuttings, drilling mud, sulphides, mercury compounds, arsenic, cadmium), liquid waste from mining operations and all kinds of industrial and municipal liquid waste.
Also under this category comes Carbon Capture and Sequestration (CCS), which consists of storing carbon underground in order to curb accumulation of carbon dioxide in the atmosphere. It is undertaken because natural sinks of carbon (forests, oceans and soils) are considered unable to accommodate the increasing quantities of carbon dioxide emitted by humans, with consequences in terms of climate change. Major storage of CO 2 is ongoing in large projects in the North Sea, in Canada and in Algeria.
Radioactive waste ranks highest within the category of hazardous waste. Its potential subsurface disposal is still controversial and unresolved, although there is wide agreement that storing nuclear waste in a geologically stable and isolated location underground is a far more promising option than dumping it in sealed barrels into the ocean, which was practiced for some time during the period 1940-1960 for low-level radioactive waste. The problem of nuclear waste lies not only in the extremely devastating impact of potentially released radiation on the exposed biosphere (including humans), but also in the enormous persistence of its hazardous properties. Radiation half-lives of important nuclear waste components are in the order of thousands to millions of years, which means, in practice, that a safe repository should isolate the waste from the human environment for indefinite time. Various approaches to the disposal or containment of radioactive waste can be observed. Controlled sanitary landfills are used for low-level radioactive waste, sometimes after on-site containment for a number of years as to allow decay to a safe level. Current practices in managing high-level radioactive waste are a combination of temporary storage and investigating options for permanent storage. Examples of potential sites selected and studied in detail are in volcanic rock high above the water table (e.g., Yucca Mountain, Nevada, USA), in crystalline rock (e.g., Finland, Sweden and India), in thick impermeable clay (e.g., Boom Clay Formation, Belgium) and in salt domes (e.g., Gorleben site, Germany).
A special category of radioactive pollution hazards is formed by nuclear weapons testing and nuclear power accidents. They form a significant and rather unpredictable risk to groundwater and the environment.
Injection and Recovery
Unlike permanent storage as discussed above, human activities also may produce the temporary storage of substances into the subsurface, to be followed by their recovery or removal. This includes, firstly, injection and recovery for mineral extraction ('solution mining'), which developed rapidly during the second half of the 19th century as a result of progress in drilling and pump technology. Until the 1950s this technique was carried out largely using water or steam, but later the use of chemical leaching solutions (lixiviants) came into vogue.
Second is the reinjection of residual geothermal fluids. It started purely as a disposal method, but has more recently been recognized as an essential and important part of reservoir management. Reinjection serves not only to maintain reservoir pressure, but also to increase energy extraction efficiency over the life of the resource.
Third is the temporal storage in shallow aquifers of the surplus heat available during low-demand periods of the year in order to recover it during periods when the energy demand is higher. A common application of such stored energy is heating of buildings during winter.
Fourth is the injection and recovery of crude oil and liquid hydrocarbons in underground caverns-natural or man-made-and in reservoirs/aquifers. The hydrocarbons are injected into the formation (in caverns or an aquifer) for storage and later pumped back out for processing and use. The underground reinjection of produced liquid hydrocarbons and natural gas can have different purposes: (i) provide the industry with short-term deliverability during peak demand and/or set aside long-term strategic reserves; (ii) increase production and prolong the life of oil-producing fields.
Fifth is 'hydraulic fracturing', a controversial technique used to increase the rate at which oil, water or natural gas can be produced from natural subterranean reservoirs, including unconventional reservoirs, such as shale rock or coal beds. Hydraulic fractures are formed by pumping a fracturing fluid under pressure into the reservoir formation. The injected fluid is typically a slurry of water, 'proppants' (usually sieved round sand) and chemical additives.
All these applications of injection and recovery present risks to aquifers and to the environment in general; effective management thus is required in order to ensure an acceptable level of risk.
Construction into the Underground Space
This use of subsurface space is not a new phenomenon, but it has expanded very rapidly during the last few decades. Compared to the subsurface human activities described above, underground constructions are limited to a very shallow upper zone of the subsurface.
Included are, firstly, pipelines (for water, gas and oil), sewerage systems and cables (for electricity and communication, including radio, television and Internet). In densely populated areas these are usually buried, at shallow depth and above the groundwater table. Leaks in sewerage systems and pipelines for oil and gas may constitute potential pollution risks for groundwater.
Tunnels and underground railways also belong to this category. If they are located below the groundwater table, which is often the case, then the groundwater regime may be significantly disturbed during construction (by artificial drainage) and compaction of compressible layers may occur. Modified hydraulic properties of these layers, in combination with constructed artificial obstacles, may, after construction, have a permanent influence on the shallow groundwater regimes. Some tunnels may form preferential entry paths for pollutants into groundwater systems.
In urban areas there is a tendency to locate new car parks underground in order to save space. In addition, plans are being developed in several countries for a much more intensive use of the shallow subsurface for buildings with commercial or public functions, especially under cities where extraction of building materials for centuries had created impressive subsurface open spaces. The potential risks of these car parks and underground buildings regarding groundwater are similar to those of tunnels and subways.
Diagnostic

Interactions and Their Impacts
Use of the subsurface and its resources is steadily becoming more intensive, both by the proliferation of the conventional uses and by the emergence of relatively new, non-conventional uses. From what has been presented above, it may be concluded that most of the related subsurface activities are potentially interacting and are likely to produce negative side effects, such as pollution or increased pollution risks, undesired modification of the hydrogeological regimes, or increasing competition for limited space or water. Although the interactions act in all directions, groundwater systems are particularly vulnerable and threatened by pollution and depletion. The potential impacts of these changes in state include health risks-for instance, if subsurface storage would fail to isolate hazardous substances (in particular radioactive waste or carbon dioxide) from the human environment, loss of valuable sources of water, the increasing cost of water and various types of environmental degradation (land subsidence, degradation of ecosystems, etc.). The exploitation of groundwater, on the other hand, may affect other uses of the subsurface and its resources. For instance, groundwater level declines resulting from groundwater abstraction may lead to differential subsidence of the land surface, causing damage to buried pipelines, sewerage systems and various types of subsurface constructions. Groundwater level declines, however, also open up the space required for the application of managed aquifer recharge, similar to the way exploited gas and oil fields offer repositories for storing hazardous waste.
Expertise, Regulation and Governance in Each of the Sectors
Technical expertise deployed in human activities in the subsurface varies from case to case, and from sector to sector. Except for some types of small-scale and simple interventions, a high level of technical expertise is generally present, especially if the activities take place at great depths and are carried out by highly specialized or large commercial companies (oil companies, mining companies, etc.). Usually the expertise allows to do more than focus on the immediate purpose of the activities (such as how to exploit a specific resource) and enables to assess the associated risks, constraints and direct impacts on other activities or interests (economic externalities) or figure out how to mitigate the latter. This technological knowledge and expertise is subject to continuous innovation.
Most countries have laws and regulations on the most important categories of human activities in the subsurface, but their quality and comprehensiveness are variable, as is the effectiveness of their implementation. These legal tools have to ensure that risks of poor concepts or designs, inadequate practices and harmful human errors are minimized, and that the industries put safety and environmental protocols duly in place and comply with these. The laws and regulations-and also the government agencies in charge-tend to lack coordination and tend to be fragmented over the separate subsurface use sectors.
The Need for Coordination and Control
The steadily more intensive multiple use of the subsurface space and subsurface resources leads undeniably to a progressively stronger interaction between the different uses, usually with negative externalities. The risks are very substantial in areas of intensive use or where hazardous projects are implemented, while any degradation of the subsurface and its resources (in particular groundwater) is virtually irreversible due to the inertia of subsurface processes. Those who produce the externalities may not be in the position or may not be motivated to avoid them, either due to lack of information and awareness, or because more priority is given to saving costs and to maximizing profits from their activities. Government agencies usually still have very fragmented involvement and mandates in the various sectors of subsurface activity. Hence, where multiple use of the subsurface is already present or is expected to come into existence in the foreseeable future, provisions should be made for coordination and control, in order to ensure sustainable use of the space and resources offered by the subsurface.
Options and Constraints
At first glance, it seems clear what should be aimed for: integrated management of the subsurface space and all subsurface resources. However, is this a feasible option and is it compatible with other aspirations for integration? Alternatively, should-for the time being-more modest steps towards broader governance of the subsurface domain be pursued?
To answer these questions, it is useful to have a look first at the most common constraints to achieving 'good groundwater governance', as observed in many countries [1] : Next, the interdependence between groundwater and surface water pleads strongly for adopting an integrated water resources management approach (IWRM), while other interdependencies (such as with land use, with sanitation, with energy, etc.) also call for linkages in policy, planning and management. Already in conventional groundwater management, the number and diversity of actors do form a significant challenge at the level of implementation. Adding those actors involved in all other sectors of subsurface activities will indisputably lead to much more complexity, certainly also due to the fragmentation of their goals, mandates and legal frameworks. The most likely result then will be a subsurface governance set-up too complex to function.
Therefore, an incremental approach to linking groundwater and other sectors of subsurface uses is considered more appropriate. Smart incremental steps should be designed, in terms of ambition, content and pace of implementation compatible with the local conditions. Examples of such steps include: (a) creating transparency on all subsurface activities in the area concerned, e.g., by raising awareness and public information programs, web portals and publicly accessible databases; (b) announcing to the general public all significant planned new projects related to the subsurface and permitting stakeholders to appeal against these or propose amendments; (c) introducing obligatory 'groundwater impact assessments' for new projects aimed at any use of subsurface space or subsurface resources. First of all, however, efforts are needed to get the subject included on the political agenda and to negotiate the allocation of the means required for implementation of planned action. To this end, awareness should be raised among politicians, key stakeholders and other important decision-makers, in order to gain political support and willingness to cooperate.
Conclusions
Multiple uses of the subsurface space and subsurface resources are rapidly encroaching in many areas around the world, especially in densely populated areas. Their interactions are becoming steadily more intensive and often create negative externalities or have the potential to do so. Groundwater and aquifers are, in particular, at risk, or have been affected already by different human subsurface activities, causing degradation of the groundwater quality or depletion of the resources. Traditionally, the different types of subsurface activities are, in most countries, carried out and governed in isolation from each other, subject to separate policies and separate legal and institutional regimes. From the point of view of groundwater governance, the need is felt to abandon this isolation and to make a linkage between groundwater and uses of the subsurface space and of other subsurface resources, in order to protect and manage the groundwater resources optimally.
Decision-makers and stakeholders involved in decision-making on the use of the subsurface need to be made aware both of the many current and potential uses of the subsurface and its resources in their area of concern, and of the geological characteristics of the area's subsurface. Furthermore, they need to have a reliable picture of the benefits, costs and risks of the individual subsurface activities (in comparison with those of non-subsurface alternatives), but they also need to understand that the different uses may interfere and produce externalities. In addition, there are two more key lessons for them to learn about the subsurface domain: First, it is difficult and expensive to explore the subsurface adequately, which results, in practice, in large uncertainties on the assumed properties and potential of the underground. Second, many processes that produce change in the subsurface are virtually irreversible, on a human time scale-or are reversible only at a very high cost.
Professionals responsible for groundwater resources management should be active and creative in finding out how to link their policies and practices to other subsurface use sectors. They should make sure that they are well-informed on all new initiatives for subsurface activities; that sufficient efforts are made to assess external risks and other external impacts; that regulations exist to promote orderly behavior; that all projects comply with these regulations; and that changes over time of the state of the subsurface and related environment are duly monitored.
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